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The discovery of the super-Earth bodies has increased the need to understand planet-forming materials at
extremely high pressures, crucial for insights into planetary formation and interior dynamics. Recent progress
in high-pressure core-electron excitation spectroscopy, such as x-ray Raman scattering (XRS) experiments,
and theoretical calculations offer an opportunity to investigate the evolution of the electronic structures of
various compressed materials under such extreme pressure conditions. Despite its significance in planetary
and condensed matter physics, the electronic structure of MgO, a major component of super-Earths and a
prototypical ionic compound, have not yet been fully studied at pressures corresponding to the deep interiors
of super-Earth bodies due to the experimental challenges. Here, we present a theoretical investigation of the
XRS spectra, band structures, electron localization functions (ELFs), and Bader charges of MgO at pressures
up to ∼4 TPa. The XRS patterns show the pressure-driven changes in XRS spectral shape and the emergence
of new peaks with different slopes (with respect to density and interatomic distances), resulting from enhanced
interatomic interactions (i.e., enhanced hybridization between O 2p and Mg 3s-3p states and between adjacent O
2p states). The calculated results are characterized with a pressure-driven delocalization of the unoccupied O p
and Mg p states, revealing the electronic bonding behavior of MgO under extreme compression, far beyond the
current experimental limit with XRS of ∼200 GPa. The ELF analysis provides a comprehensive understanding
of the factors driving the nonlinear trend of absorption edge onset in the calculated XRS patterns and the
direct-to-indirect band gap transition of MgO under compression. Together with the Bader charge analysis,
it also shows how MgO undergoes a pressure-induced bonding transition from ionic to mixed ionic-covalent
without a structural phase transition. This transition of the bonding behavior of MgO under extreme compression
contributes to our understanding of material properties under extreme conditions relevant to the interiors of
super-Earths. The current result for the prototypical ionic compound under extreme densification offers insights
into deepening the fundamental understanding of ionic compounds under extremely high pressures. As the
extreme pressure conditions of the current simulations cannot yet be reached in experiment, our breakthrough
would be useful to guide future experimental efforts aimed at uncovering metal oxides with pressure-tunable
electronic properties.
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I. INTRODUCTION

The discovery of super-Earths with a much larger radius
(R) and mass (M) necessitates information of planetary mate-
rials under extreme pressure much higher than those for Earth
(the pressure at the center of the Earth is ∼360 GPa). For ex-
ample, Kepler-22b (with ∼2.1 R⊕ and ∼9.1 M⊕, � denoting
Earth) is expected to have temperatures and pressures ranging
from ∼4000 to 6000 K and ∼2000 to 2500 GPa (∼2–2.5 TPa)
near the core-mantle boundary (CMB) [1] (see Ref. [2] for
details about Kepler-22b). Our understanding of the nature
of planet-forming materials under such extreme conditions
is still in its early stages. Recent theoretical studies have
shed light on the behavior of MgSiO3, a major component of
rocky planets [3], under such extreme conditions. At pressures
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above ∼1.1 or 2.3 TPa, comparable with the CMB pressures
of Kepler-22b [1], MgSiO3 is predicted to dissociated into
CsCl-type magnesium oxide (MgO) and cotunnite-type SiO2

[4,5]. Thus, the knowledge of the thermodynamic stability and
electronic structures of MgO under extremely high pressures
is needed to infer the physical processes in the interiors of
these massive rocky planets. The pressure dependence of elec-
tronic structures of MgO is expected to affect the thermal and
electrical conductivities of mantle materials, providing a per-
spective on the thermal evolution of massive terrestrial planets
([3,6] and references therein). In addition to its relevance to
planetary science, unraveling the electronic structures of metal
oxides, key components of optoelectronic devices, at both am-
bient and extreme conditions has been the target of condensed
matter physics and materials physics. Specifically, MgO has
a wide range of technologically important applications, as an
insulating layer in magnetic tunnel junctions used in hard-disk
drive and magnetoresistive random-access memory [7–11].
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FIG. 1. (a) NaCl-like B1-type and CsCl-like B2-type MgO
structures. (b) Variations in the interatomic distance between the
nearest-neighboring Mg and O atoms (dMg–O, open diamonds), that
between the next-nearest-neighboring O atoms (dO–O, open circles),
and the density (ρ, triangles) of B1- and B2-MgO (blue and red,
respectively) with varying pressure.

Its stability over a wide range of pressures up to terapascal
pressure conditions makes MgO as a model ionic compound,
rendering an opportunity to delve into the bonding nature of
compressed metal-oxygen ionic bonds under both low and
extremely high pressures.

The nature of MgO under pressure has been explored
both experimentally and theoretically. Low-pressure MgO,
known as the B1 phase with a NaCl-type structure (with
6-coordinated Mg), undergoes a phase transition to a denser
CsCl-type structure (with 8-coordinated Mg, the B2 phase)
at pressures of ∼500–600 GPa [12–20]; see Fig. 1 for the
MgO structures and Secs. 1 and 2 in the Supplemental Ma-
terial (SM) [21] (see also Refs. [22–27] therein) for details
about the B1-B2 phase transition. The B2-MgO is expected to
remain stable at pressures of ∼3–4 TPa [5,28]. Efforts have
been made to elucidate the equation of state [12–18,29–32]
and thermal [33–36] and elastic [18,37,38] properties of com-
pressed MgO at elevated temperature and pressure conditions
[39,40], with primary implications for the dynamics of Earth’s
lower mantle up to ∼150 GPa (see Sec. 2 in the SM [21] for
further details). A previous theoretical study has also identi-
fied phase transition pathways of MgO with ZnS-like B3 and
B4 structures, NiAs-like B81 structure, and hexagonal-BN-
like structure [41]. As the stability of those proposed phases
(B3, B4, and B81) requires further confirmation [12,42], in
this paper, only B1- and B2-type structures at pressures up to
the terapascal range are considered.

Despite its significance in both planetary sciences and con-
densed matter physics and the aforementioned progress in the
lattice structures, detailed electronic bonding transitions in
MgO under terapascal pressures and their impact on its phys-
ical properties have been poorly understood. This is largely
due to the experimental challenges in achieving extreme con-
ditions within rocky planets and difficulties in directly probing
electronic structures under such extreme conditions. One way
to directly probe the electronic structure of oxides under com-
pression is x-ray Raman scattering (XRS, aka nonresonant
inelastic x-ray scattering; e.g., Refs. [43–45] and references
therein, see Methods section below for a brief theoretical
background). Recent breakthroughs with high-pressure XRS
experiments, coupled with a diamond anvil cell (DAC), can

reveal the element-specific local electronic structures, particu-
larly bonding environment and the unoccupied partial density
of states (PDOS), of various planet-forming materials under
high pressures up to 200 GPa (see Refs. [43,46–49] and ref-
erences therein). For instance, previous experimental studies
investigated the XRS signals of low-Z matters under extreme
high pressures, such as the B K-edge and O K-edge for B2O3

glasses up to 119.4 and 101.6 GPa, respectively [50,51], the O
K-edge for MgSiO3 glasses up to 130 GPa [52], the O K-edge
for SiO2 glasses up to 160 GPa [53], the O K-edge for GeO2

glasses up to 148 GPa [48], and the C K-edge for diamond up
to 200 GPa [49]. Ab initio calculations of XRS spectra were
also carried out for the high-pressure crystalline counterparts
and melt configurations to interpret the XRS patterns obtained
from these experiments (see Ref. [47] and references therein):
Briefly, from B2O3-I at 1 atm to B2O3-II at 120 GPa [50]; en-
statite, and bridgmanite, and postbridgmanite (MgSiO3) from
20 to 120 GPa [52,54]; and high pressure α-PbO2-type at
120 GPa [47,53]; from quartz-type GeO2 at 1 atm to
pyrite-type GeO2 at 300 GPa [48]; and diamond up to
200 GPa [49]. These studies have shown that the formation of
highly coordinated network forming cations and oxygens and
the increased interatomic proximity (e.g., decreases in O–O)
in those phases at high pressure [47–55] affect the overall
XRS spectral patterns.

Despite efforts and advancements, in situ high-pressure
XRS experiments are currently limited to pressures
<200 GPa for various low-z oxides, with no experimental
data available beyond this threshold [49], while theoretical
insights have extended our understanding up to 300 GPa
[48]. With advances in high-pressure DAC capability under
extreme pressure conditions up to ∼500 GPa and higher (see
Ref. [56] and references therein), the XRS experiment could
be feasible under such extreme compression. Therefore,
further theoretical study of XRS spectral patterns of planetary
materials beyond the current pressure limit (of 200 GPa) is
anticipated. Considering these developments, in this paper,
we aim to investigate the detailed electronic structures and
the corresponding XRS spectrum of MgO under pressures
using ab initio calculations.

In contrast with the comprehensive understanding ob-
tained from XRS studies for various oxides and diamond
in which covalent bonding is predominant, the systematic
studies for compressed ionic compounds are still insufficient;
there are a few XRS studies on ionic compounds at 1 atm
and low-pressure conditions, such as nitrogen K-edge XRS
of crystalline lithium nitride (Li3N) and aluminum nitride
(AlN) up to 40 and 33 GPa, respectively [57–59]. As far
as we are aware, MgO under high pressures has not been
systematically investigated through high-pressure XRS exper-
iments. Previous experimental and theoretical core-electron
excitation spectroscopy, including x-ray absorption near-edge
structure (XANES), for MgO was carried out at ambient pres-
sure [60–64]. The extended stability of ionic MgO at high
pressure (from 1 atm up to ∼3–4 TPa; details below) offers
a rare opportunity to systematically investigate the effects of
pressure-induced changes in interatomic distances (i.e., metal-
oxygen) on the bonding properties of ionic compounds.

In addition to the widely adopted O K edge at elevated
pressure conditions (see references above), the Mg K edge at
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high pressure could have the potential to probe the densifi-
cation of Mg-bearing oxides and diverse earth and planetary
materials. Currently, Mg K-edge XANES spectra of MgO
and Mg-bearing phases have been available only at 1 atm
[64–69]. Analyzing the Mg K-edge features of MgO at high
pressures, in the absence of complicated structural phase tran-
sitions within the wide pressure range, is expected to help us
understand how the Mg coordination number and the Mg–O
distance influence the Mg K-edge patterns. In this context,
as Mg K-edge XRS spectroscopy at high pressure is also
currently unavailable, carrying out theoretical Mg K-edge
core-electron excitation spectroscopy of compressed MgO
would provide insights into the behavior of ionic compounds
at ambient and low-pressure conditions and under extreme
pressures.

In this paper, we explore the impact of pressure on the
O and Mg K-edge XRS spectra of MgO at high pressures
up to 4042 GPa (∼4 TPa), far beyond the current pressure
limit of high-pressure XRS studies (∼200 GPa), using ab
initio calculations. To delve into detailed electronic config-
urations involving primary Mg–O bond under compression,
we calculated the band structure, PDOS, electron localization
function (ELF), and Bader charge, as these are essential to
comprehend how the metal (Mg)–oxygen bond evolves under
extreme pressure; the band structure and PDOS (detailed in
Sec. 3 in the SM [21]; see also Refs. [70–72] therein) provide
complementary momentum- and energy-resolved electronic
structures to probe the electronic transitions responsible for
the characteristic K-edge spectral patterns. The ELF and
Bader charge allow direct visualization of electron distribution
and bonding characters. The information quantifies the na-
ture of electron interactions in metal-oxygen bonds, allowing
us to properly interpret the evolution of spectral patterns of
core-electron excitation spectroscopy, including XRS. Com-
prehensive analysis of the XRS patterns and corresponding
electronic structures reveals the enhanced interatomic interac-
tions of adjacent Mg–O and O–O pairs with increased electron
localization between the interacting atoms. With advances in
high-pressure experimental techniques, the current results for
MgO under terapascal pressures could serve as a useful guide
for investigation of the electronic bonding transitions in the
interiors of massive rocky exoplanets.

II. METHODS

A. MgO structures at high pressures

The structural information of the high-pressure MgO struc-
tures up to 4042 GPa investigated in this paper is summarized
in Table S1-1 in the SM [21]; see Sec. 1 in the SM [21] for
details. Within the pressure range up to 4042 GPa, MgO is
known to exist in NaCl-like B1-type and CsCl-like B2-type
structures [5,14,17,20,28]; see Fig. 1(a) for the structures of
B1- and B2-type MgO. The crystal structure of B1-MgO at
0 GPa was obtained from x-ray diffraction data reported in
a previous study [73]. Then given the experimental evidence
of the solid-solid phase transition of MgO from B1 to B2
phase ∼400–600 GPa using shock compression [12,17] and
the theoretical prediction of the B1-B2 phase transition at
∼500 GPa [13,14,19,74,75], we decreased the lattice param-

eter of B1-MgO from 4.2120 to 3.3239 Å to increase the
pressure to 505 GPa (Fig. S1-1 in the SM [21]). The potential
presence of other phases between B1 and B2 within this pres-
sure range, such as ZnS-like B3 and B4 structures and NiAs-
like B81 structure, have not been fully established [12,41,42].
To ensure the reliability and consistency of our calculations,
we determined the B1-B2 phase transition threshold by com-
paring the enthalpies of these structures and found that B1-
MgO undergoes a phase transition into B2-MgO at pressures
>505 GPa (see Sec. 2 in the SM [21] for details). As presented
in Fig. 1(b), the interatomic distance between the nearest-
neighboring Mg and O atoms (dMg–O) and that of the adjacent
O atoms (dO–O) decreased from 2.1060 to 1.6620 Å and from
2.9783 to 2.3504 Å, respectively. The density of B1-MgO also
increased from 3.58 to 7.29 g/cm3. At 505 GPa, because of
the phase transition to the denser B2-MgO (density increasing
from 7.29 to 7.58 g/cm3), dO–O decreased from 2.3504 to
2.0665 Å, while dMg–O increased from 1.6620 to 1.7896 Å
[Fig. 1(b)].

A previous study extended the stability region of solid
MgO up to ∼2 TPa using double-shock compression, yet di-
rect structural data of MgO under terapascal pressures remain
unavailable [32]. On the other hand, theoretical studies, em-
ploying evolutionary crystal structure prediction and ab initio
thermodynamic integration molecular dynamics, have re-
vealed the stability region of B2-MgO up to ∼3–4 TPa [5,28].
Based on these theoretical insights, we decreased the lattice
parameter of B2-MgO from 2.0665 to 1.6260 Å to increase
the pressure from 505 to 4042 GPa (Fig. S1-1 in the SM [21]).
Then dMg–O and dO–O decreased from 1.7896 to 1.4082 Å
and from 2.0665 to 1.6260 Å, respectively. The density of
B2-MgO increased from 7.58 to 15.57 g/cm3 [Fig. 1(b)].
The pressure conditions of MgO were determined from the
internal stresses, and these values were adjusted considering
the lattice parameter of B1-MgO at a pressure of 0 GPa. We
performed geometry optimization calculations with supercell
structures larger than 2×2×2 for B1-MgO and 3×3×3 for
B2-MgO within the pressure range investigated in this paper.
Further geometry optimization does not result in noticeable
structural changes in either B1- or B2-MgO.

B. Electronic structure calculations

Electronic structures of MgO at high pressures were cal-
culated using CASTEP, which employs a plane-wave basis
set with pseudopotentials [76]. The ab initio calculations of
the electronic structures were conducted with the general-
ized gradient approximation-based Perdew-Burke-Ernzerhof
(GGA-PBE) exchange-correlation functional [77], with a
600 eV cutoff energy for the plane-wave basis set and a
1.0×10−6 eV/atom self-consistent field (SCF) tolerance. A
Gaussian broadening of 0.4 eV for the full width at half
maximum (FWHM) was applied to the PDOS for visibil-
ity. For B1-MgO, an 8×8×8 Monkhorst-Pack (MP) grid
density was used, while denser MP grids of 16×16×16 to
20×20×20 were used for B2-MgO to reveal the highly de-
localized electronic structures. The valence configurations
of the O and Mg atoms used for the on-the-fly generated
ultrasoft pseudopotentials were 2s 2p and 2s 2p 3s, re-
spectively (with the 1s core state). To prevent core-core
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overlap between interacting atoms in the highly compressed
MgO structures, core radii of 0.8 and 1.1 a.u. were used
for the on-the-fly generation (OTFG) of pseudopotentials.
Core-core overlaps did not appear within the pressure range
investigated in this paper (Fig. S1-2 in the SM [21]) [5].
The convergences of these parameters were thoroughly as-
sessed. Moreover, we employed the Heyd-Scuseria-Ernzerhof
(HSE06) hybrid exchange-correlation functional to further
refine the band gaps [78]. The band structure calculations
using HSE06 were conducted with a 1600 eV cutoff en-
ergy for the plane-wave basis sets, a 1.0×10−6 eV/atom
SCF tolerance, and 9×9×9 MP grid for B1- and B2-MgO.
The valence configurations and core radii for the OTFG
norm-conserving pseudopotentials used for the calculations
with HSE06 were the same as those used for the OTFG
ultra-soft pseudopotentials (see Sec. 1 in the SM [21] for
details).

C. XRS theoretical backgrounds and abinitio calculations
of the spectral patterns

The detailed information regarding XRS processes and
scattering cross-section are available in the earlier pioneering
studies and the extensive reviews (see Refs. [45,46,79–82]
and references therein). Here, only a brief remark on the XRS
processes is provided. The XRS spectrum can be determined
by double-differential scattering cross-section, which involves
the dynamic structure factor S(�q, ω) as follows [46] (details in
Eqs. (S1.1)–(S1.3) in the SM [21]); here, g and f refer to the
ground and final states, respectively:

S(�q.ω) =
∑

f

|〈 f |ei �q·�r |g〉|2δ(Eg − E f + h̄ω). (1)

As the product of the scattering vector (�q) and the position
vector (�r) in the transition matrix is substantially <1(�q · �r �1
at the low-q limit) in the XRS process, the first-order term
(�q · �r) of the transition matrix becomes dominant, and the dy-
namic structure factor in Eq. (1) can be approximated (dipole
approximation) as follows [46]:

〈 f |ei �q·�r |g〉 ∼= 〈 f |g〉 + i〈 f | �q · �r|g〉 − 1

2
〈 f |(�q · �r)|g〉 + · · ·

≈ i〈 f | �q · �r|g〉, (2)

S(�q, ω) ≈
∑

f

|〈 f | �q · �r|g〉|2δ(Eg − E f + h̄ω). (3)

Under the dipole transition approximation, the transition
matrix [Eq. (2)] and hence the dynamic structure factor
[Eq. (3)] can also be used to describe the electron scattering
within electron energy loss spectroscopy (EELS). Note that
the transition matrix for x-ray absorption spectroscopy (XAS)
is also like those in XRS and EELS at the low-q limit [46,83]
[see Eq. (S1.4) in the SM [21] for further details]. XRS, using
hard x rays, is an effective in situ experimental probe of a
matter compressed within DAC [44,46,49,51–53,84–93] (see
Ref. [45] and references therein). Our ab initio simulations
were conducted using the dipole-approximated transition ma-
trix of EELS [94]. In our previous studies, we highlighted
the similarity between the XRS and EELS patterns observed
not only in the low-q limit but also within a range including

relatively high-q values from 1.74 Å−1 (scattering angle of
18°) to 6.11 Å−1 (75°) [43,47,48,50]. Considering our ob-
jective to provide insights for future XRS experiments under
high pressures, the calculated O and Mg K-edge core-electron
excitation spectra in this paper are referred to as XRS spectra.
The calculated XRS spectra also resemble those of the cor-
responding unoccupied p states (Fig. S3-1 in the SM [21]).
The contribution of the quadrupole and other higher-order
transitions might be negligible because MgO is composed of
only s and p elements.

Here, the O and Mg K-edge XRS spectra of MgO at
high pressure were calculated from the excited-state electronic
structure of MgO by applying a 1s core hole to each O and Mg
atom which is induced by the inelastic scattering of incident
x-ray photons (i.e., a core-hole calculation) [95,96]. The con-
tribution of core electrons was included by applying projector
augmented plane-wave reconstruction for the pseudowave
function of the excited atom [94,97,98]. After introducing a
1s core hole to the core region of pseudopotentials, we adjust
the background charge to ensure the system remains neutral.
Sufficiently large supercell structures, containing 96–200 to-
tal atoms (see Table S1-1 and Sec. 1 in the SM [21]) were
used to minimize interactions between periodically repeated
excited O and Mg atoms with 1s core holes (O* and Mg*
hereafter). The calculated O and Mg K-edge spectra with
supercells >96 atoms did not present significant differences
in both B1-MgO at 0 GPa and B2-MgO at 4042 GPa. The
XRS calculations were conducted with a 3×3×3 MP grid
for calculation efficiency. The results obtained with denser
MP grids showed no significant differences (detailed features
were screened by the instrumental broadening and core-hole
lifetime broadening effects; see also Sec. 1 in the SM [21] and
Refs. [99,100] therein). The convergence of XRS features was
achieved for supercell size, cutoff energy, MP grid, and core
radii of O and Mg used for the on-the-fly generated ultrasoft
pseudopotentials. A 0.4 eV of the instrumental broadening
parameter (Gaussian broadening for FWHM) was applied to
the calculated XRS spectra.

The calculated XRS spectra were shifted using 1s core-
electron transition energies (ET), which were determined for
each excited-state electronic structure with 1s core holes, thus
enabling direct comparisons of the XRS patterns of MgO at
different pressures. Here, ET refers to the energy required to
transit from a 1s core hole to the conduction band minimum,
and it was determined from the energy difference between
the MgO with and without a 1s core hole, considering the
core-level energy difference resulting from the use of pseu-
dopotentials (see Ref. [62] for details). The estimation of ET

when using all-electron/full-potential methods was also sum-
marized in our previous study [47]. The calculated ET values
for O and Mg atoms varied from 541.12 to 548.02 eV and
from 1317.18 to 1327.81 eV, respectively, within the investi-
gated pressure range. Each calculated XRS spectrum for MgO
was shifted by its corresponding ET value. Then the O and
Mg K-edge spectra of B1-MgO at 0 GPa were shifted by −12
and −8 eV, respectively, to align best with the experimental
results reported in previous studies [62–64]. The other spectra
for the high-pressure MgO structures were also shifted by
the same amounts. The overall shapes of the calculated XRS
spectra for B1-MgO at 0 GPa aligned well with the previous
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FIG. 2. (a) Calculated O K-edge x-ray Raman scattering (XRS) spectra for B1- and B2-MgO at high pressures. Shifts of the characteristic
peaks are indicated by dashed lines (A1−D and E–G for B1- and B2-MgO, respectively). The absorption edge onsets (EA, where the main
peak intensity starts to increase) are labeled with triangles. (b)–(e) Variations in the characteristic peak positions with varying pressure, density,
dMg–O, and dO–O, respectively. The slopes of the characteristic peak shift with varying density near the edge onset (�Peak/�ρ; eV g−1 cm−3),
which are determined by assuming a linear relationship between the peak position and density, are as follows: 1.50 for A1 and 1.80 for A2 in
B1-MgO, and 0.51 for E and 2.06 for F in B2-MgO. For the Mg–O distance (�Peak/�dMg–O; eV/Å), −12.70 for A1 and −15.26 for A2 in
B1-MgO, and −11.01 for E and −43.28 for F in B2-MgO. For the O–O distance (�Peak/�dO–O; eV/Å), −8.98 for A1 and −10.79 for A2 in
B1-MgO, and −9.53 for E and −37.48 for F in B2-MgO.

experimental and theoretical results, which identified main
peaks at ∼534, ∼541, and ∼551 eV in the O K-edge spectrum
and at ∼1311, ∼1317, and ∼1329 eV in the Mg K-edge
spectrum [see Figs. 2(a) and 3(a)] [62–64,95,101,102].

III. RESULTS AND DISCUSSION

A. XRS patterns of MgO at high pressures

1. O K-edge XRS spectra

In this section, we investigate changes in XRS patterns
of MgO under compression, presented in Figs. 2 and 3. The
calculated PDOSs of MgO with and without a 1s core hole
at high pressures are also calculated to infer the electronic
origins of the XRS pattern (see Sec. 4 and Figs. S3-1–S3-4 in
the SM [21]). Figure 2(a) presents the O K-edge XRS spectra
of MgO at high pressures, showing noticeable changes upon
compression. The spectrum of B1-MgO at 0 GPa exhibits
a main peak at ∼532 eV (labeled A1), a shoulder peak at
∼533 eV (A2), and small peaks at ∼542 eV (C and D).

Previous theoretical studies suggested that the A1 and A2

peaks stem from the transition to the antibonding O* 2p state
hybridized with both Mg 3s and 3p states, and the C and D
peaks include contributions from the Mg 3p and 3d states,
respectively [60,61]. The calculated PDOSs of B1-MgO at
0 GPa in Figs. S3-1 and S3-2 in the SM [21] also confirm
hybridizations between the O 2s-2p and Mg 3s-3p states
∼18 and 24 eV. The contribution from the empty Mg 3d
state remains unconfirmed because the linear-combination-of-
atomic-orbital basis used in our calculations may not fully
reveal the contribution from the 3d electron (see Sec. 4 in the
SM [21] for further details).

As the pressure increases to 505 GPa, the A1 and A2

peaks shift to higher energy and separate into distinct peaks,
resulting in a doubletlike feature with peak maxima at ∼537
and ∼541 eV. A small shoulder peak appears at ∼538 eV
(labeled B) at pressures >39 GPa and moves gradually to
∼547 eV with increasing pressure up to 505 GPa. The C and
D peaks also shift to higher energies and become broader.
The doubletlike O K-edge feature (A1 and A2), which is like
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FIG. 3. (a) Calculated Mg K-edge x-ray Raman scattering (XRS) spectra for B1- and M2-MgO at high pressures. Shifts of the characteristic
peaks are indicated by dashed lines (H–J and K–M for B1- and B2-MgO, respectively). The absorption edge onsets (EA) are labeled with
triangles. (b)–(e) Variations in the characteristic peak positions with varying pressure, density, dMg–O, and dO–O, respectively. The slopes of
the characteristic peak shift with varying density near the edge onset (�Peak/�ρ; eV g−1 cm−3), which are determined by assuming a linear
relationship between the peak position and density, are as follows: 0.93 for H and 0.95, 1.92, and 2.65 for I1, I2, and I3 in B1-MgO; and 1.15
for K and 2.61 for L in B2-MgO. For the Mg–O distance (�Peak/�dMg–O; eV/Å), −7.81 for H and −7.97, −16.03, and −22.30 for I1, I2,
and I3 in B1-MgO; and −24.06 for K and −50.60 for L in B2-MgO. For the O–O distance (�Peak/�dO–O; eV/Å), −5.52 for H and −5.63,
−11.34, and −15.77 for I1, I2, and I3 in B1-MgO; and −20.84 for K and −43.82 for L in B2-MgO.

those of stishovite and other high-pressure SiO2 polymorphs
(similar features at ∼538 and ∼544 eV) [47], would be indica-
tive of the increased oxygen proximity. We confirmed that the
changes in A1, A2, and B peaks become more evident when
the pressure >168 GPa. Considering the electronic origins
of these characteristic peaks discussed above, this suggests
that the hybridization between O 2p and Mg 3s-3p states as
well as the corresponding antibonding states becomes more
pronounced at pressures >168 GPa. Further details of the
electron redistribution between Mg–O bonds will be discussed
below (Sec. III C 1).

The phase transition to the denser B2-MgO structure at
505 GPa leads to substantial changes in spectral patterns
[Fig. 2(a)], mainly consisting of a shoulder at ∼538 eV
(labeled E) and a characteristic bimodal pattern with peak
maxima at ∼540 and ∼550 eV (F and G). The PDOSs of
B2-MgO with a 1s core hole in Fig. S3-2 in the SM [21] show
that the E and F peaks are attributed to the antibonding states
of O 2p and Mg 3s-3p hybridizations ∼16 and 18 eV, and the

G peak corresponds to the O 2p−Mg 3p hybridization at ∼28
eV. The B1-B2 phase transition causes a decrease in dO–O from
2.3504 to 2.0665 Å but an increase in dMg–O from 1.6620 to
1.7869 Å [Fig. 1(b)]. Considering this, these spectral changes
are likely a result of enhanced interactions between neighbor-
ing oxygen atoms. In the PDOSs of the B2-MgO with a 1s
core hole at 505 GPa in Fig. S3-3 in the SM [21], we also
observed an increase within the O 2p peak around −22 eV,
which is a result of the O 2p−O∗ 2p hybridization. This XRS
pattern resembles that of the ε-phase solid oxygen [90], which
has comparable intermolecular oxygen proximity (∼2.34 Å at
11 GPa and ∼1.96 Å at 94 GPa [103]), also showing bimodal
O K-edge peaks at ∼531 (1s−π∗

g ) and ∼541 eV (1s−3σ ∗
u

transition) due to the intermolecular oxygen p-p hybridization
[90]. As the pressure increases, the F peak shifts to higher
energy and merges with the G peak at pressures >1750 GPa.
This feature further shifts to higher energy with increasing
pressure to 4042 GPa. At the same time, the E shoulder peak
gradually separates from the main peak. The PDOSs of the
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B2-MgO with a 1s core hole in Fig. S3-3 in the SM [21] show
an increase in the O 2p−O∗ 2p hybridization with increas-
ing pressure from 505 to 4042 GPa. This confirms that the
observed pressure-induced changes in O K-edge features of
B2-MgO are mainly attributed to an enhanced electronic hy-
bridization between neighboring oxygen atoms. Considering
the O and Mg PDOSs of B2-MgO in Fig. S3-2 in the SM
[21], these spectral changes also can partly be associated with
the increased hybridization between O 2p and Mg 3s-3p states
under compression.

2. Mg K-edge XRS spectra

Figure 3(a) shows the Mg K-edge XRS spectra of MgO
at high pressures. The Mg K-edge spectrum of B1-MgO at 0
GPa shows a main peak at ∼1311 eV (labeled H), a broad
feature ∼1316–1318 eV (I1-I3), and a small peak at ∼1329
eV (J). Corresponding PDOSs in Fig. S3-2 in the SM [21]
show that these features are primarily attributed to the anti-
bonding state of Mg* 3p hybridized with O 2s-2p and O 2p
states (H and I1-I3), and the unoccupied Mg 3p-3d states (J),
respectively [60,61]. As the pressure increases to 505 GPa,
several changes are observed. The H peak shifts to higher
energy and decreases in intensity. The I1-I3 feature splits into
three distinct peaks, located ∼1320, 1324, and 1328 eV at
505 GPa. The small J peak also shifts to higher energy.
Despite the continuous decrease in dMg–O [Fig. 1(b)], these
changes in H and I1-I3 peaks become more pronounced when
the pressure >168 GPa. This trend at elevated pressures >168
GPa aligns with the O K-edge result of B1-MgO presented
in Fig. 2(a), implying an enhanced interatomic interaction
between Mg and O atoms [dMg–O > 1.8355Å; Fig. 1(b)]. The
concurrent spectral changes in both O and Mg K-edge spectra
demonstrate that changes in the unoccupied O p state coincide
with those in the unoccupied Mg p state through the Mg–O
hybridization (Fig. S3-2 in the SM [21]). In addition, these
results highlight the influence of Mg–O proximity (dMg–O) on
the Mg K-edge spectra. Differences in the Mg K-edge features
of Mg-bearing oxides have often been linked to the distinct
Mg coordination environment and associated structural dis-
tortions [64,66,67]. In the case of B1-MgO, the Mg K-edge
pattern undergoes substantial changes during compression,
even in the absence of changes in the coordination environ-
ment of Mg.

After the B1-B2 phase transition at 505 GPa, the Mg K-
edge spectrum of B2-MgO shows an intense emerging peak
and shoulder at ∼1317 and ∼1321 eV (labeled K and L)
and a small peak at ∼1333 eV (M). The PDOSs in Fig.
S3-2 in the SM [21] show that these Mg K-edge features are
mainly due to the unoccupied Mg 3p state resulting from the
Mg 3p−O 2p hybridization. As the pressure increases from
505 to 4042 GPa, the main peak shifts to higher energy, and
its peak width (FWHM) increases from ∼2.8 to ∼5.1 eV. At
the same time, the L and M peaks gradually disappear with
compression. This spectral broadening implies the delocaliza-
tion of unoccupied Mg p states as well as the occupied Mg
3s-3p states hybridized with O 2p state, which indicates the
enhanced Mg–O interaction under the increased interatomic
proximity. The PDOSs of B2-MgO shown in Figs. S3-3 and
S3-4 in the SM [21] also support this. Even with the in-

creased proximity, there are no Mg K-edge XRS features that
suggest Mg*–Mg interactions up to 4042 GPa, as also con-
firmed from their PDOS patterns (Fig. S3-3 in the SM [21]).
These results highlight that the pressure-induced changes in
the local electronic structures around O and Mg atoms are
well represented in the O and Mg K-edge XRS features.
The pressure-induced evolution of O and Mg K-edge features
reveals a pressure-driven delocalization of the unoccupied
O p and Mg p states, resulting from enhanced interatomic
interactions.

3. Phase transition and changes in characteristic XRS patterns

Significant XRS spectral changes are often associated with
the phase transition [57–59]. This trend is also apparent in
our calculated O and Mg K-edge XRS spectra for MgO upon
phase transition, as presented in Figs. 2(a) and 3(a). Our re-
sults also reveal dramatic spectral changes upon compression,
even in the absence of the phase transition, within each B1
and B2 phase. To quantify the electronic origins of such a
pronounced change in XRS patterns of MgO under extreme
compression, we further analyzed how each characteristic
peak in the XRS spectra of MgO shifts upon compression.
Figures 2(b)–2(e) and 3(b)–3(e) present the variations in the
characteristic peak positions for the O and Mg K-edge re-
sults with varying pressure (P), density (ρ), and interatomic
distances (dMg–O and dO–O). In both B1- and B2-MgO, the
pressure dependence of each characteristic peak position
(�Peak/�P) appears to decrease with increasing pressure
[Figs. 2(b) and 3(b)]. Meanwhile, the position of the XRS
peak exhibits a linear relationship with both the density (ρ)
and interatomic distances (dMg–O and dO–O), but it is only
valid within the same structural phases [Figs. 2(c)–2(e) and
3(c)–3(e)]. Their slopes show noticeable changes with the
phase transition. Values of �Peak/�ρ, �Peak/�dMg–O, and
�Peak/�dO–O near the absorption edge onset are presented
in the captions of Figs. 2 and 3. At the B1-B2 phase transition
threshold, we also confirmed the emergence of new peaks with
different slopes. The results underscore that the significant
changes in spectral shape of XRS spectrum and the emergence
of new peaks with different slopes (with respect to density
and interatomic distances) can be used in future XRS studies
to identify the structural phase transitions in MgO and other
ionic and covalent oxides.

B. Band structures of MgO at high pressures

1. Absorption edge onset of XRS pattern and band gap

In addition to the XRS peak shifts (Figs. 2 and 3), we also
investigated changes in the absorption edge onset (EA) of XRS
spectra under compression and compared with the trend of
band gap (EG). Here, EA refers to the energy at which the
main peak begins to increase and is defined as the point where
the peak intensity first reaches 5% of the maximum intensity
in each spectrum. The EA estimates roughly the electronic
transition from the core level to the excited-state conduction
band minimum [60]. Furthermore, it can be estimated from
the experimental spectra (see Refs. [49,54]). Therefore, one
can expect that the trends in EA under increasing pressure can
serve as a practical proxy for understanding the behavior of
EG of MgO under compression.
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FIG. 4. Variations in (a) the absorption edge energy (EA) of the O and Mg K-edge x-ray Raman scattering (XRS) spectra in Figs. 2(a) and
3(a), EA(O) and EA(Mg), and (b) the band gap (EG) of B1- and B2-MgO with varying density. The band gap calculated with the PBE and
HSE06 functionals are presented, with open circles and open diamonds, respectively, for comparison. The pressures corresponding to each
density are labeled.

In this paper, the XRS spectra (Figs. 2 and 3) were
calculated using the PBE exchange-correlation functional.
Although it has successfully captured characteristic XRS
patterns and other detailed electronic structures of various
oxides at high pressures (see Refs. [47,52] and references
therein), it could underestimate band gaps of semiconductors
and insulators [104,105]. To address this issue, we also used
the HSE06 hybrid exchange-correlation functional, known
for its improved representation of nonlocal exchange inter-
actions and more accurate band gap estimation [104,105].
The band gap at 0 GPa calculated using HSE06 is 6.5 eV,
closer to the experimentally measured value of ∼7.7 eV for
single-crystal MgO [106]. The band gap with PBE is 4.6
eV, more closely resembling the value of ∼3.8 eV observed
in MgO nanoparticles with reduced band gaps [107,108].
Despite the differences in band gap values, with those cal-
culated using HSE06 being larger than those with PBE by
∼2.2 eV on average, the pressure dependence of the band gap
[Fig. 4(b)] and the characteristic features of band structure
remain nearly identical for both functionals (Fig. 5). In the
following presentation and discussion, the focus was given
to those calculated with HSE06. The results based on the
HSE06 functional have been presented in Fig. S1-4 in the
SM [21].

Figure 4(a) shows the variations of EA for O and Mg,
referred to as EA(O) and EA(Mg), with varying density, and
Fig. 4(b) shows the trend of EG of MgO under compression.
The EA and EG exhibit somewhat similar trends, but their
detailed behavior is slightly different. For instance, EA(O)
initially increases from 528.9 to 533.4 eV with increasing
pressure up to 168 GPa, then decreases to 533.5 eV un-
der further compression to 505 GPa, and again increases to
534.6 eV associated with the B1-B2 phase transition. On the
other hand, EG in B1-MgO increases from 6.5 to 11.2 eV up to
168 GPa, then decreases to 10.6 eV with further compression
up to 505 GPa, and then experiences a notable drop to 9.6
eV at the B1-B2 phase transition. As the pressure increases,
both EA(O) and EA(Mg) exhibit less pronounced changes; this
is accompanied by the broadening of XRS features, which is

attributable to an increased degree of electron delocalization
between the interacting atoms (see Ref. [49] for the detailed
utility and limitations of EA as spectral proxy).

2. Direct-to-indirect band gap transition

The band gap of ionic crystals tends to increase upon
compression [109]. This is because the localization of valence
electrons increases under compression, resulting in a deeper
electrostatic potential [109]. However, in our study of MgO
under extreme pressures, we confirmed a nonlinear pressure
dependence of the band gap, which initially increases and then
decreases as the pressure increases. To understand this be-
havior [109], we present the band structures of high-pressure
MgO phases at high pressures from 168 to 1750 GPa in
Fig. 5. The calculated band structures reveal that the observed
nonlinear behavior of band gap in both B1- and B2-MgO
[Fig. 4(b)] can be attributed to a transition from a direct to
an indirect band gap. In B1-MgO, the direct-to-indirect band
gap transition occurs ∼168 GPa when the X valley minimum
is lower than the direct 
 valley minimum [Figs. 5(a)–5(c)].
For B2-MgO, the direct-to-indirect band gap transition occurs
∼1750 GPa when the 
 valley minimum is lower than the
direct M valley minimum [Figs. 5(d)–5(f)]. The observed
direct-to-indirect band gap transitions in each B1- and B2-
MgO stem from a pressure-induced redistribution of valence
electrons between Mg–O and O–O bonds. To elucidate the
underlying mechanisms of these transitions, we further exam-
ine how compression affects the spatial localization of valence
electrons in the section below.

C. ELFs and Bader charges of MgO at high pressures

1. Effect of pressure on the electronic localization
in MgO under compression

Figure 6 presents the ELF of MgO at high pressures,
directly providing the real-space representation of electron
localization. The ELF value (NELF) at a specific point (�r) is a
measure of the ratio between the Pauli kinetic energy density
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FIG. 5. Calculated band structures for (a)–(c) B1-MgO and (d)–(f) B2-MgO at high pressures (without O* and Mg*) along W-L-
-X-W-K
and X-R-M-
-R, respectively. The band structures calculated with HSE06 are depicted with blue and red lines, while those determined with
PBE are shown in gray for comparison. The band gap (EG) of each result calculated using HSE06 is labeled. The direct-to-indirect band gap
transition thresholds shown in (b) and (e) were determined by a series calculation in which the lattice parameters were decreased by 0.05–0.20 Å
in each step.

of the system and that of a homogeneous electron gas [Eq. (4)]
[110].

NELF(�r) = 1

1 + [
Dσ (�r)/Dh

σ (�r)
]2 . (4)

Here, Dσ (�r) is the Pauli kinetic energy, describing the prob-
ability of finding two electrons having the same spin (σ )
based on the Hartree-Fock method, and Dh

σ (�r) is that of a
homogeneous electron gas at the same electron density [see
Eq. (S2) in the SM [21] and Refs. [111,112] for further de-
tails]. The ELF estimates the likelihood of finding an electron
in the vicinity of another electron. Thus, unlike the electron
density distribution, the ELF provides a representation of the
spatial localization of valence electrons between interacting
atoms and the nature of chemical bonding in a molecular or
solid-state system (see Ref. [111] for how the bonding behav-
iors of metallic, covalent, and ionic bondings are described
using ELF). The ELF ranges from 0 to 1, with values ∼0
indicating electron delocalization and values ∼1 indicating
electron localization. In our current results, the ELF for the

high-pressure MgO ranges up to 0.83–0.85 since the calcula-
tions considered valence electrons only.

The ELF of MgO at 0 GPa in Fig. 6(a) demonstrates
the ionic bonding nature of MgO; the highest ELF values
are mainly identified near the center of atom, indicating that
valence electrons are primarily localized around O and Mg
atoms. As the pressure increases to 505 GPa, the shapes of
ELF basins for each Mg and O are compressed along the
Mg–O and O–O bonding axes with decreasing dMg–O and dO–O

[Fig. 6(b)]. The phase transition to the denser B2-MgO at
505 GPa leads to a significant reduction in the ELF basins,
especially for oxygen atoms, as depicted in Fig. 6(c). Fol-
lowing this trend, a further compression in the directions of
Mg–O and O–O bonds is observed as the pressure increases to
4042 GPa [Fig. 6(d)].

To quantitatively elucidate these observed changes in
Fig. 6, we further analyzed a pressure-induced evolution in
ELF values at a specific point and distances between ad-
jacent ELF basins. Figure 7 presents changes in the ELF
values at the saddle points between Mg–O and O–O bonds,
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FIG. 6. Calculated electron localization functions (ELFs) for B1-
and B2-MgO at high pressures (without O* and Mg*), projected
onto the (100) and (110) planes as labeled. The atomic sites of
Mg and O atoms are labeled with interatomic distances [dMg–O and
dO–O; see Fig. 1(b)]. Positions for determining NELF(Mg–O) and
NELF(O–O) are highlighted with green circles, and the measurement
of DELF(Mg–O) and DELF(O–O) along the Mg–O and O–O bonds
are also indicated (details in the text). The projected ELFs are shown
from 0 to 0.85. The ELF isosurface of 0.425, represented by the
white line, was used to distinguish each ELF basin and to determine
DELF(Mg–O) and DELF(O–O).

NELF(Mg–O) and NELF(O–O), with increasing pressure
[Figs. 7(a) and 7(b)]. The saddle point between ELF basins
represents the boundary between different basins (also called
as basin interconnection points) and has been used as a mea-
sure of electron localization [112]. The distances between
adjacent ELF basins along Mg–O and O–O bonds, DELF(Mg–
O) and DELF(O–O), were also estimated [Figs. 7(c) and 7(d)].
To determine DELF(Mg–O) and DELF(O–O), ELF basins are
distinguished by an ELF isosurface of 0.425 (see Fig. 6). For
comparison, ELF values in the interstitial region are also pre-
sented in Figs. 7(a) and 7(b), but these values remain <0.04 at
pressures up to 4042 GPa.

In Fig. 7(a), the electron localizations between Mg–O and
O–O bonds of B1-MgO at 0 GPa are negligible as NELF(Mg–
O) and NELF(O–O) are comparable with the ELF value in
the interstitial region. The slightly higher NELF(O–O) than
NELF(Mg–O) is because valence electrons from both Mg
and O are likely to be localized around the anionic oxygen
atoms. As the pressure increases to 505 GPa, the NELF(Mg–O)
and NELF(O–O) of B1-MgO in Fig. 7(a) exhibit nonlinear
changes. At lower pressures, both NELF(Mg–O) and NELF(O–
O) increase. However, beyond 168 GPa, NELF(O–O) begins

to decrease, while NELF(Mg–O) continues to increase. Mean-
while, in Fig. 7(c), the interbasin distances, DELF(Mg–O)
and DELF(O–O), continuously decrease as the interatomic
distances decrease under compression. Note that the direct-
to-indirect band gap transition of B1-MgO occurs around this
pressure [Fig. 5(b)]. Therefore, this electron redistribution, as
evidenced by a significant change in the spatial localization
of valence electrons between Mg–O and O–O bonds, plays a
crucial role in this band gap transition. This enhanced Mg–
O interaction is also consistent with the significant changes
observed in the O and Mg K-edge XRS spectra of B1-MgO at
pressures >168 GPa [Figs. 2(a) and 3(a)].

In Fig. 7(b), as dO–O decreases from 2.3503 to 2.0665 Å
upon the B1-B2 phase transition at 505 GPa [Fig. 1(b)],
NELF(O–O) increases from 0.10 to 0.15, confirming an en-
hanced O–O interaction. In contrast, a slight decrease in
NELF(Mg–O) from 0.08 to 0.06 is observed as dMg–O in-
creases from 1.6620 to 1.7896 Å [Fig. 1(b)]. This enhanced
O–O interaction associated with the B1-B2 phase transition
is consistent with the electronic structure inferred from the O
K-edge spectrum of B2-MgO at 505 GPa [Fig. 2(a)], which
exhibits the characteristic bimodal pattern due to the inter-
molecular p-p hybridization between nearby O atoms [90]. As
the pressure further increases to 4042 GPa, both NELF(Mg–O)
and NELF(O–O) in Fig. 7(b) gradually increase from 0.06 to
0.19 and from 0.15 to 0.30, respectively. These results imply
the delocalization of valence electrons from Mg and O atoms
along the Mg–O and O–O axes. The pressure-induced broad-
ening and peak energy shift in XRS spectra [Figs. 2(a) and
3(a)] are, therefore, reminiscent of the enhanced interactions
of both Mg–O and O–O bonds under increased interatomic
proximity. The increased NELF(Mg–O), compared with that of
B1-MgO at low pressure conditions [Fig. 7(a)], characterized
by a pronounced spatial localization of valence electrons be-
tween Mg and O atoms, demonstrates the transition of Mg–O
bonding from ionic to mixed ionic-covalent character [111].

Figure 7(d) shows that DELF(O–O) becomes smaller than
DELF(Mg–O) at pressures >1750 GPa. This suggests a closer
connectivity between adjacent oxygen atoms than between
Mg and O atoms, although dO–O is longer than dMg–O in B2-
MgO [Fig. 1(b)]. Such a shift in the connectivity of the ELF
basins, emphasizing a stronger interaction between adjacent
oxygen atoms, appears to underlie the direct-to-indirect band
gap transition of B2-MgO observed ∼1750 GPa [Fig. 5(e)].
Given the dominance of NELF(O–O) over NELF(Mg–O) and
the increased shared-electron interaction [Figs. 7(a) and 7(b)],
it is evident that the oxygen-oxygen hybridization becomes
increasingly influential in determining the electronic behav-
ior of MgO as the degree of densification increases. To
further explore the significance of oxygen-oxygen hybridiza-
tion, we increased the pressure on B2-MgO up to ∼21 TPa.
While the B2-MgO remains a wide-band-gap insulator up to
∼4 TPa [Fig. 4(b)], the presence of delocalized valence
electrons within the interconnected oxygen layers reduces
the band gap, eventually leading to the metallization of
B2-MgO at pressures above ∼18 TPa (see Fig. S3-6 and
Sec. 3 in the SM [21] for details; see also Refs. [113–118]
therein). This ELF analysis provides a comprehensive un-
derstanding of the factors driving the nonlinear trend of
absorption edge onset in the calculated XRS patterns and
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FIG. 7. (a) and (b) electron localization function (ELF) values at the saddle points between Mg–O and O–O bonds, NELF(Mg–O) and
NELF(O–O), determined from the ELF projections in Fig. 6. ELF values at the interstitial region are shown for comparison. Transparent circles
in (b) correspond to the result of B1-MgO shown in (a). (c) and (d) Distances between adjacent ELF basins along Mg–O and O–O bonds,
DELF(Mg–O) and DELF(O–O), determined from the ELF projections in Fig. 6. Error bars are included (∼0.01 and ∼0.02 for NELF and DELF).

the direct-to-indirect band gap transition of MgO under com-
pression (Fig. 4). It also shows how MgO undergoes a
pressure-induced bonding transition without a structural phase
transition.

We investigated the Bader charges of MgO at high pres-
sures to assess the potential charge transfer between Mg and
O atoms [119]. In Fig. 8(a), as the pressure increases up to
∼4 TPa, the Bader charge for Mg increases from 8.30 to
8.43, while that for O correspondingly decreases from 7.70
to 7.57, exhibiting linear correlations with pressure for each
phase. The pressure-induced variations in the Bader charges
are more significant in B1-MgO, and it is attributed to the
more rapid decrease in the Mg–O distance under compression
in B1-MgO compared with B2-MgO [Fig. 1(b)]. At 505 GPa,
the Bader charge of Mg slightly decreases from 8.36 to 8.33,
and that of O increases from 7.64 to 7.67, associated with
an increase in the Mg–O distance from 1.6620 to 1.7896
Å during the B1-B2 phase transition (Fig. 1). The observed
charge behavior in Fig. 8(a) suggests an electron transfer
from anionic O to cationic Mg under enhanced interatomic
proximity, resulting in a more balanced electron distribution
between them. Accordingly, as presented in Fig. 8(b), the
ionic character of Mg–O bond, which can be characterized
by the Bader charge difference, decreases with a reduced

Mg–O distance, exhibiting strong correlations. Together with
the XRS and ELF analysis (Figs. 2, 3, and 7), these results
of the Bader analysis indicate a transition of the Mg–O bond
from a predominantly ionic to a more complex nature, having
both ionic and covalent characters. The Mulliken [120] and
Hirshfeld [121] results show significant deviations due to their
inherent limitations in accurately characterizing systems with
ionic character under compression (see Fig. S3-7 and Sec. 3
in the SM [21] for details).

The direct-to-indirect band gap transition in MgO, ob-
served at pressures ∼1.8 TPa may introduce additional
diversity in its properties, especially electrical and thermal
conductivity. The electrical conductivity can partly be deter-
mined from the band gap and the concentration and mobility
of electrons. An increase in a band gap often tends to de-
crease electrical conductivity [122,123]. The transition at
∼1.8 TPa, where the band gap decreases after initial in-
crease upon compression, may induce nonlinear increase in
the electrical conductivity of MgO. Similarly, thermal con-
ductivity of MgO under compression is expected to be mainly
governed by phonon interactions, necessitating future stud-
ies regarding phonon-assisted interactions and its impact of
the conductivity. Nevertheless, the transition into an indirect
band structure and the subsequent decrease in band gap at
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FIG. 8. Variations in (a) the Bader charges (CB) of Mg (blue) and O (red) atoms and (b) the Bader charge difference between Mg
and O atoms, i.e., �CB = CB(Mg) − CB(O), in B1-MgO (open circles) and B2-MgO (closed circles) with varying pressure and Mg–O
distance (dMg–O) as labeled. The valence electron configurations for Mg and O were set to 2s2 2p6 3s2 and 2s2 2p4, respectively (see
Methods). The electron density distributions for the Bader charge analysis were calculated using PBE with higher accuracy (see Fig. S3-7
and Sec. 3 in the SM [21] for details). Linear regression analyses provide trendlines for the Bader charges (CB) vs pressure (P): CB(Mg) =
1.12×10−4 P + 8.31 (R2 = 0.93) and CB(O) = −1.12×10−4 P + 7.69 (R2 = 0.93) for O of B1-MgO for B1-MgO and CB(Mg) = 2.74×10−5

P + 8.32 (R2 = 0.99) and CB(O) = −2.74×10−5 P + 7.68 (R2 = 0.99) for B2-MgO. The trendline of the Bader charge difference (�CB) vs
Mg–O distance (dMg–O) for both B1- and B2-MgO is �CB = −0.33 dMg–O + 1.26 (R2 = 0.90); the trendlines for each phase are �CB = −0.27
dMg–O + 1.16 (R2 = 0.96) for B1-MgO, �CB = −0.50 dMg–O + 1.53 (R2 = 0.93) for B2-MgO.

pressures may result in an increase in the electron contri-
bution to overall conductivity. Such transport properties of
compressed MgO under extreme pressure should be inves-
tigated in future ab initio studies to provide complementary
constraints on large-scale thermal processes in the interiors of
super-Earth bodies.

D. Limitations and practical feasibility

In this paper, we have focused on the pressure-driven
evolution in the electronic structure of MgO, yet the effect
of temperature on the electronic structures and their impacts
on spectroscopic characteristics need to be considered. Un-
der extreme temperature (along with an increase in pressure)
conditions in the interiors of super-Earth bodies, the proper in-
ference of the transport properties of highly compressed MgO
requires information regarding the thermally induced lattice
vibration and its effects to quasiharmonic and anharmonic ef-
fects [124]. Compositional complexity within those planetary
bodies under such extremely high pressure and temperature
conditions should also be further investigated to provide con-
straints on large-scale thermal processes in the interiors of
super-Earth bodies [5,74].

One of the motivations for the current ab initio simulations
of the electronic structures and calculations of core-electron
excitation spectroscopic response from the archetypal metal
oxide is that the relevant information is currently unattainable
experimentally and may not be feasible in the foreseeable
future. The aim of this theoretical paper, therefore, encom-
passes predicting electronic and spectroscopic properties that
are beyond the reach of current experimental capability (e.g.,
∼200 GPa for O K-edge XRS experiments [49]). In line
with this challenge, it should be noted again that the XRS
experiment tuned for the Mg K edge (∼1300 eV) is currently
challenging even under ambient conditions, as the XRS scat-

tering cross-section decreases dramatically with increasing
atomic number. The collection of Mg K-edge XRS spectra at
high pressure is certainly beyond the current capability, while
earlier pioneering efforts with Na K-edge XRS (at ∼1071 eV)
shed light on a potential capability (e.g., see Refs. [125,126]).
Further improvement in x-ray optics could render us to ex-
plore the electronic structures around Mg in oxides under
compression via Mg K-edge XRS. While it remains difficult to
predict the experimental feasibility of the edge and the pres-
sure conditions, the progress and advances in XRS over the
last two decades have witnessed the opening of opportunities
with unreachable pressure conditions and challenging edges.
For example, since the inception of XRS for low-Z materials
at high pressure between 2003 and 2005 [44,51,86,87], for
over a decade, acquiring of the XRS signal from compressed
condensed matter beyond 100 GPa pressure conditions had
been unimaginable [43,91]. Only recently, the XRS spectrum
for compressed matter above 100 GPa was reported [50].
Within the last 5 years, the XRS of condensed matter at high
pressure up to 200 GPa and beyond, once considered unattain-
able, has become available [48–50,53,127], highlighting the
potential experimental feasibility of challenging XRS exper-
iments to date. Furthermore, irradiation on the Mg L2,3 edge
(e.g., Ref. [128]) and relevant ab initio calculations for future
experiments is crucial, as these features provide insights into
local structures beyond the nearest neighbors, complementing
the information obtained from K-edge features.

Whereas the focus has been given to the pressure-driven
evolution of electronic structures of ionic compounds un-
der extreme compression, our Mg K-edge XRS results
should have immediate practical significance; our Mg K-
edge results for MgO can be used to account for the
effect of metal-oxygen distance on the potential changes
in Mg K-edge features for other diverse ionic compounds.
For example, the systematic shift in Mg PDOS and XRS
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patterns with varying Mg–O distance could be a useful
proxy to account for the effect of crystalline topology
on the PDOS, which requires theoretical investigations.
Figure 3(d) shows how a decrease in Mg–O bond length
can affect the electronic bonding nature; a decrease in
the Mg–O distance (dMg–O) by 0.1082 Å (from 2.1060 to
1.9978 Å) results in an increase in the main peak positions
of the Mg K-edge features by 0.55 eV (from 1311.42 to
1311.97 eV) and by ∼1 eV (from 1317.49 to 1318.47 eV)
for the H and I2 peaks (see also Fig. S3-9 in the SM [21]), re-
spectively. These could make a useful constraint to electronic
responses from diverse Mg-bearing ionic compounds at 1 atm
and low-pressure conditions, not to mention those under ex-
treme pressure conditions. Since MgO is among the simplest
Mg-bearing compounds, the established systematic influence
of pressure on the evolution of the electronic structures (both
Mg and particularly O K edges) of the primary metal-oxygen
bond could be applied to study the nature of metal-oxygen
bonds (or more broadly, ionic bonds) in any ionic solids.

IV. CONCLUSIONS

Given the limited pressure conditions (up to ∼200 GPa)
of the element-specific core-electron excitation spectroscopy
experiment of matter under compression, theoretical calcula-
tions for predicting and interpreting forthcoming experimental
XRS results under much high-pressure conditions have been
needed. In this paper, we have investigated XRS spectral pat-
terns, band structures, and ELFs of MgO at extremely high
pressures up to ∼4 TPa using ab initio calculations. The
calculated XRS spectra of MgO under high pressures reveal
that the pressure-induced changes in the O and Mg K-edge
features arise from the enhanced O–O and Mg–O interactions
with an increase in the degree of electron localization between
these atoms under the increased interatomic proximity. The
observed localization of valence electrons between Mg and O
atoms suggests a transition of bonding behavior from ionic
to mixed ionic-covalent with increased interatomic proximity.
The observed changes in the characteristic O K-edge features
of B2-MgO under compression, along with the increased elec-
tron sharing between adjacent O atoms, suggest an increasing

significance of oxygen-oxygen hybridization in determining
the electronic behavior of MgO with increasing pressure. Our
analysis for the changes in spectral shape and characteristic
peak positions of the XRS spectra of MgO under compres-
sion demonstrates the potential of this approach to identify
structural phase transition and the accompanied changes in
electronic structure, such as direct-to-indirect band gap tran-
sitions. The direct-to-indirect band gap transition in MgO,
observed at pressures ∼1.8 TPa may introduce additional
diversity in its properties, especially electrical and thermal
conductivity, while the nature of structural perturbation and
responses of MgO under extreme temperature conditions re-
mains.

This high-pressure study of MgO also aligns with the
underlying mechanism of the pressure-tunable optoelectronic
behavior of ionic compounds [109]. The metal-oxygen bond
has often been identified as mainly ionic, yet the nature of the
bond under compression is expected to be largely different
from those at 1 atm and low-pressure conditions. The influ-
ence of pressure on the evolution of the electronic structures
of the primary metal-oxygen bond remains unidentified. There
has been no comprehensive study into the detailed electronic
bonding nature of metal-oxygen bond in ionic compounds un-
der high-pressure environments reaching up terapascal orders.
In this paper, we reveal the effect of extreme pressure on the
nature of metal-oxygen bonds (or more broadly, ionic bonds)
in any ionic solids under compression using ab initio simu-
lation. The observed changes in electronic bonding behavior
of MgO with the increased interatomic proximity deepen our
understanding of the electronic behavior of ionic compounds
at high pressures and provide the practical aspects for future
theoretical investigations.
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